Virus-like particles (VLPs) with the full-length VP2 and VP6 rotavirus capsid proteins, produced in the baculovirus expression system, have been evaluated as surrogates of human rotavirus in different environmental scenarios. Green fluorescent protein-labeled VLPs (GFP-VLPs) and particles enclosing a heterologous RNA (pseudoviruses), whose stability may be monitored by flow cytometry and antigen capture reverse transcription-PCR, respectively, were used. After 1 month in seawater at 20°C, no significant differences were observed between the behaviors of GFP-VLPs and of infectious rotavirus, whereas pseudovirus particles showed a higher decay rate. In the presence of 1 mg of free chlorine (FC)/liter both tracers persisted longer in freshwater at 20°C than infectious viruses, whereas in the presence of 0.2 mg of FC/liter no differences were observed between tracers and infectious rotavirus at short contact times. However, from 30 min of contact with FC onward, the decay of infectious rotavirus was higher than that of recombinant particles. The predicted Ct value for a 90% reduction of GFP-VLPs or pseudoviruses induces a 99.99% inactivation of infectious rotavirus. Both tracers were more resistant to UV light irradiation than infectious rotavirus in fresh and marine water. The effect of UV exposure was more pronounced on pseudovirus than in GFP-VLPs. In all types of water, the UV dose to induce a 90% reduction of pseudovirus ensures a 99.99% inactivation of infectious rotavirus.
Rotaviruses are the single most important cause of severe viral gastroenteritis worldwide and are transmitted by the fecal-oral route (27, 28) . The rotavirus virion consists of three concentric layers; the innermost layer is composed of protein VP2, the intermediate layer consists of protein VP6, and the outermost layer is composed of glycoprotein VP7 and the spike protein VP4 (12) . Coexpression of capsid proteins in the baculovirus system results in the assembly of virus-like particles (VLPs) (10, 21) . VLPs have been used to mimic rotavirus-host cell interactions (7, 24, 31) and analyzed for their immunogenicity (9, 40) .
Environmental transmission of rotavirus occurs mainly through shellfish grown in polluted waters and contaminated drinking water (5, 16, 23, 25) . Disinfection is an important treatment barrier between consumers and illness; however, current virus disinfection and/or removal practices often fail to adequately eliminate pathogenic viruses. The data on the stability of rotaviruses rely mostly on bench-scale studies performed with available cell-adapted strains (1, 3, 13, 15) . A longstanding barrier to conducting actual field studies to evaluate the environmental behavior of human enteric viruses is the impossibility of introducing pathogens into the environment. As model systems, recombinant surrogates are perfectly adequate for field studies of microbial tracking, since they may be produced in extremely high numbers (several milligram amounts). In addition, their noninfectious nature makes them completely harmless and suitable to be used in scenarios in which the use of actual viruses is hampered by the impossibility of introducing potential pathogens into drinking water treatment plants, shellfish-growing waters, or selected foodstuffs. Recombinant norovirus particles have been used to investigate the influence of electrostatic interactions in the filtration of norovirus in quartz sand (30) .
The aim of the present study was to verify whether recombinant rotavirus VLPs may be used as surrogates of actual human pathogenic viruses to model their behavior in the environment.
MATERIALS AND METHODS
Growth and assay of rotavirus. The cytopathic strain Ito r P13 of group A human rotavirus was propagated and assayed in MA104 cell monolayers as described elsewhere (1) . Semipurified rotavirus stocks were obtained by two subsequent low-speed centrifugations of infected cell lysates. After ultracentrifugation of the supernatants at 100,000 ϫ g for 2 h, the resulting pellets were resuspended in phosphate-buffered saline and stored at Ϫ80°C.
Infectious virus enumerations were performed by determining the 50% tissue culture infectious dose with eight wells per dilution and 20 l of inoculum per well.
Production of rotavirus surrogate particles. VLPs with the full-length VP2 and VP6 rotavirus capsid proteins (VLP2/6) were produced in the baculovirus expression system, as described previously (8, 10, 21) .
Jellyfish green fluorescent protein (GFP) was inserted at the amino terminus of VP2 to produce fluorescent VLPs (GFP-VLPs), as described elsewhere (8, 11) .
A heterologous RNA was introduced in rotavirus VLP2/6 to produce RNAcontaining particles, which were termed "pseudoviruses." These pseudovirus particles were produced after we coinfected insect cells with three recombinant baculoviruses. Two of them led to the expression at high level of rotavirus VP6 and rotavirus VP2 fused to an MS2 bacteriophage coat protein. This latter recombinant baculovirus contained, under the polyhedrin promoter control, a gene coding for a protein corresponding to the dimeric bacteriophage MS2 coat protein (29) fused to the amino terminus of rotavirus VP2 protein. The third recombinant baculovirus led to transcription, under the polyhedrin promoter, of an RNA corresponding to the binding domain of MS2 genome (5Ј-ACA UGA GGA UCA CCC AUG-3Ј) (18) fused to the 3Ј end of the astrovirus genome (positions 6709 to 6797). The interaction between the MS2 coat protein and the RNA-binding domain of the MS2 genome enabled the production of pseudoviruses, i.e., rotavirus VLP2/6 with heterologous astrovirus RNA (J. Cohen, unpublished data).
All molecular tracer particles were purified by two isopycnic centrifugations on cesium chloride gradients. Pseudoviruses were additionally filtered through Centriplus YM-100 Amicon filters (Millipore, Bedford, Mass.).
Flow cytometry monitoring of GFP-VLPs. A flow cytometry-based procedure was developed to trace the decay of GFP-VLPs, since the fluorescence signal is lost when the particle structure is damaged. Microspheres (0.74 m in diameter; ProActive Microspheres, Bangs Laboratories, Inc., Fishers, Ind.), at a concentration of 10 4 /ml, coated with goat anti-mouse immunoglobulin G were used to specifically adsorb the GFP-VLPs (at a 1:10 ratio of microspheres and test suspension, respectively) through reaction with the RV133 rotavirus mouse monoclonal antibody (MAb) directed against an immunodominant site in VP6 protein (19) . The mixtures were then analyzed in a Coulter Epics XL flow cytometer (Beckman-Coulter, Miami, Fla.), equipped with a 488-nm Argon-ion laser at 15 mW, with a filter combination of 550 DL/525 BP in order to recover the green fluorescence. For each assay, a threshold of positivity was established by calculating the mean plus three standard deviations of the highest fluorometric readings of four negative controls, i.e., nonfluorescent VLP2/6. From this threshold value to the end of the fluorescence axis, a cursor was drawn, and the total fluorescence figured by multiplying the total counts within the established cursor by the mean fluorescence of the cells included in the aforementioned cursor.
Monitoring of pseudoviruses by antigen-capture PCR. A total of 50 l of RV133 MAb (diluted 1/100 in standard enzyme-linked immunosorbent assay coating buffer) was adsorbed onto 0.2-ml thin microtubes overnight at 4°C and used to immunocapture the pseudovirus particles in the test suspensions (50 l) for 2 h at 37°C. After three conditioning washes with reverse transcription (RT) buffer, pseudoviruses were heat denatured for 5 min at 99°C, and 5-l aliquots of the released RNA were used in an RT-PCR (26) targeted to the 3Ј end of the astrovirus genome.
Test waters. The freshwater used throughout these studies was obtained directly from the Sant Pere Martir well located in Esplugues de Llobregat, Barcelona, and natural seawater was collected in the Mediterranean coast at Premià de Mar. All water samples were allowed to settle in acid-washed 10-liter highdensity polyethylene containers, filtered through 0.22-m-pore-size filters, and kept at 4°C. Chemical analysis were performed according to procedures adapted from standard methods for the examination of water and wastewater (2) . All containers used in the experiments were soaked in 12.5% nitric acid, rinsed with distilled water, and autoclaved prior to use.
Studies of thermal stability in seawater. The comparative stabilities of infectious rotavirus, GFP-VLPs, and pseudoviruses in seawater were ascertained at 20 Ϯ 1°C. Suspensions (1 ml) of infectious rotavirus (10 7 50% tissue culture infective doses), GFP-VLPs (10 11 particles), and pseudoviruses (10 9 particles) were added to make up 10-ml aliquots of water, which were placed at the designated temperature with gentle agitation. At times 0, 1, 3, 7, 15, and 30 days, 1-ml sample aliquots were removed and kept refrigerated until assayed, always within 24 h after collection.
Survival of infectious rotavirus in the test water systems was determined by calculating the log 10 (N t /N 0 ), where N 0 is the infectious titer of the virus at the time zero and N t is the infectious titer at various time intervals. The stability of GFP-VLPs was figured by determining the log 10 (N t /N 0 ), where N 0 is the total fluorescence detectable by flow cytometry at time zero, and N t is the total fluorescence detectable by flow cytometry at the various time periods. Pseudovirus decay was also determined by the log 10 (N t /N 0 ), where N 0 is in this case the reciprocal endpoint dilution detectable by antigen capture PCR at time zero, and N t is the reciprocal endpoint dilution detectable by antigen capture PCR at various time intervals.
Studies of stability in the presence of FC. Glassware used for systems involving free chlorine (FC) was made chlorine demand free by soaking it overnight in a solution of 0.8 mg of FC/liter. FC solutions of 0.2 and 1.0 mg/liter were prepared from a stock solution of sodium hypochlorite (5%). The test systems consisted of 10 ml of filtered freshwater with the appropriate FC concentration. Experiments were performed at 20 Ϯ 1°C and pH 7.5 Ϯ 0.2. As above, 1-ml suspensions with rotavirus infectious particles ( 10 7 ), GFP-VLPs (10 11 ), or pseudoviruses (10 9 ) were added to the various disinfection systems and, at predetermined time intervals (0, 15, 30, 60, and 120 min), 1-ml samples were taken and neutralized with 14.6% sodium thiosulfate (1). FC concentrations were determined at each sampling time by the N,N-diethyl-p-phenylene diamine method (2) by using a test kit (Aquamerck 11735; Merck, Darmstadt, Germany).
The comparative resistance of rotavirus and the recombinant surrogates in the presence of FC was evaluated by determining the log 10 (N t /N 0 ) values for infectious viruses, GFP-VLPs, and pseudoviruses as described above. Raw data were subjected to linear regression analysis performed with Sigmaplot (version 8.0; SPSS, Inc., Chicago, Ill.) to calculate the predicted Ct values (i.e., the concentration of FC multiplied by time of contact for specific 1-, 2-, 3-, and 4-log removal [90, 99, 99.9, and 99.99% decay]).
Studies of stability after UV irradiation. A collimated beam incorporating a 15-W low-pressure mercury UV lamp (Philips model G15T8) was used to irradiate the test suspensions at a 20-cm distance. The UV intensity at the irradiation site was measured at 254 nm with a radiometer (IL 1700; International Light, Inc., Newburyport, Mass.). Suspensions of 0.3 ml of the virus or the recombinant surrogates were added to 3 ml of filtered fresh and marine water in 60-by-15-mm petri dishes and kept at 20 Ϯ 1°C under continuous gentle agitation. At designated times (0, 5, 15, 30, 60, and 120 s), 0.3-ml samples were taken, and the decay of viruses and surrogates was ascertained as the log 10 (N t /N 0 ), as described above. Raw data were subjected to linear regression analysis (Sigmaplot) to figure the UV doses, i.e., the product of the average intensity (in milliwatts per square centimeter) multiplied by the time (in seconds) of UV exposure to achieve 1-, 2-, 3-, and 4-log removal (90, 99, 99.9, and 99.99% decay) of viruses and surrogates.
All experimental procedures were performed at least in duplicate, and each sample was quantified in two independent assays. The analysis of variance test (33) was applied in log-transformed data to determine significant differences.
RESULTS
The behavior of surrogate VLPs in different environmental water scenarios was compared to that of infectious rotavirus. Table 1 depicts the physicochemical characteristics of the test fresh and marine waters used in these studies. The stability of infectious rotavirus and the recombinant particles suspended in marine water at 20°C was determined over 1 month (Fig. 1) . No significant (P Ͻ 0.05) differences were observed between the behavior of GFP-VLPs and infectious rotavirus, whereas pseudovirus particles showed a significantly (P Ͻ 0.05) higher decay rate.
Two chlorine treatments with 0.2 and 1 mg of FC/liter were carried out in freshwater spiked with human rotavirus, GFPVLPs, or pseudovirus at 20°C (Fig. 2) . FC concentrations, which were determined at each sampling time, markedly decreased throughout the duration of the experiments (data not shown), with the chlorine decay after 120 min ranging from 40 to 90%.
In the presence of 1 mg of FC/liter, both recombinant surrogates persisted significantly (P Ͻ 0.05) longer than infectious viruses, whereas in the presence of 0.2 mg of FC/liter, no significant (P Ͻ 0.05) differences were observed between surrogates and infectious rotavirus at short contact times (up to 15 min). However, from 30 min of contact with FC onward, the decay of infectious rotavirus was significantly (P Ͻ 0.05) higher than that of recombinant particles. Pseudoviruses appear to be Ct values for specific 1-, 2-, 3-, and 4-log removal (90, 99, 99.9, and 99.99%) were used to assess the comparative sensitivities of viruses and surrogates (Table 2) . By this approach it can be concluded that the predicted Ct value for a 90% (1-log) reduction of GFP-VLPs or pseudoviruses (4.5 and 7.2, respectively) induces a 99.99% (4-log) inactivation of infectious rotavirus.
The curves of infectious rotavirus, GFP-VLP, and pseudovirus persistence after UV light irradiation of fresh and marine water at 20°C are shown in Fig. 3 . In both types of water, both surrogates were more (P Ͻ 0.05) resistant to UV light exposure than rotavirus. Surprisingly, a slight decay of GFP-VLPs, devoid of nucleic acid, was observed in freshwater after UV irradiation. However, the effect of UV exposure was more pronounced on pseudovirus, although the differences were only significant (P Ͻ 0.05) in the case of seawater after 60 s of UV irradiation.
Predicted UV doses to achieve 1-, 2-, 3-, and 4-log removal (90, 99, 99.9, and 99.99%) of viruses and surrogates were calculated (Table 3) . In all types of water, the UV dose to induce a 1-log reduction of pseudovirus ensures a 4-log inactivation of infectious rotavirus.
DISCUSSION
VLPs with the full-length VP2 and VP6 rotavirus capsid proteins produced in the baculovirus expression system have been evaluated as surrogates of human rotavirus in different environmental scenarios. These recombinant particles are morphologically indistinct from actual rotavirus virions when visualized by electron microscopy (22) . The lack of the doublestranded RNA genome, which is essential for rotavirus repli- on October 14, 2017 by guest http://aem.asm.org/ cation, makes these VLPs completely harmless since they are unable to infect any living cell. Further refinements on VLP2/6 constructs were the production of GFP-VLPs and particles enclosing a heterologous RNA (pseudoviruses), which may be monitored by flow cytometry and antigen capture RT-PCR, respectively. The use of flow cytometry presents several advantages with respect to other fluorescence-based methods, the most important being the possibility to be automatable and standardizable. However, several critical issues must be sorted out in flow cytometry, such the minimum particle size required (0.3 to 0.4 mm), far beyond the size of a viral particle, and the threshold of fluorescence required to be detected, which is equivalent to 1,000 fluorescein molecules. To overcome these size and fluorescent detection limitations, microspheres and an indirect immunocapture procedure with rotavirus RV133 MAb were used. The detection limit of this method was established to be ϳ10 4 GFP-VLPs/ml (data not shown). Since recognition by this RV133 MAb is lost when the rotavirus particle conformation is altered (36, 37) and since, in addition, the fluorescence signal also disappears when the GFP-VLPs structure is damaged, our flow cytometric assay specifically detects unaltered fluorescent surrogates. The same conformation-specific RV133 MAb was used for the monitoring of pseudovirus decay, with a threshold of positivity of 10 4 pseudovirus particles/ ml. In any case, the capacity to produce very large (several milligrams) amounts of both types of recombinant surrogates allows experiments to ascertain the regulatory 99.99% reduction requirement (38) in large volumes of water.
The astrovirus RNA inside the pseudovirus particle is the target for amplification in the antigen capture RT-PCR used to monitor the surrogate decay. Coupling of the molecular procedure with capture with a conformationally dependent MAb is required, since the PCR technique alone fails to discern between intact and altered particles (1, 20) . For instance, a partially degraded RNA may still be detected in nucleocapsids chemically altered by low levels of FC (1).
F. Loisy and coworkers (unpublished data) have found that enzyme-linked immunosorbent assays and Western blot assays on the short-term thermal alteration at 25°C of capsid proteins in recombinant VLP2/6 and the bovine strain RF reveal a similar pattern. In the present study, the stability of GFP-VLPs and infectious rotavirus suspended over 1 month in marine water at 20°C was similar and higher than that of pseudovirus under the same circumstances. FC and UV treatments, which are widely used for the routine inactivation of pathogenic microorganisms in water, were used to ascertain the validity of GFP-VLPs and pseudoviruses to monitor the efficiency of virus removal and/or inactivation practices.
Differences in absolute values of virus or recombinant surrogate levels may be largely a consequence of the methodolo- gies used for their detection. However, any methodology, with its intrinsic limitations, is adequate provided that exactly the same procedure is used for each designated sample of either rotavirus, GFP-VLPs, or pseudoviruses. Some of the curves of virus and surrogates decay after the disinfection treatments exhibited "tailing" or "flattening." Tailing of inactivation curves has been described to result from particle aggregation, decrease of disinfectant concentrations, or adsorption to particulate materials, allowing protection from the disinfectant action (34, 35) . Electron microscopy observation of the samples (data not shown) revealed the occasional occurrence of clumps or aggregates of viruses and surrogates, which prove the identical behavior of recombinant and actual virus particles.
Among critical factors that may be involved in virus resistance to UV exposure are the type and length of nucleic acid and the particle size. Although the mechanism by which UV inactivates microorganisms has not been completely elucidated, UV is known to cause pyrimidine dimer formation, i.e., thymine dimers and, in addition, intense irradiation can disrupt the virion structure (4). This capsid disruption by UV light may be the cause of the slight, although unexpected, decay observed after UV light exposure of nucleic acid free GFP-VLPs. Nevertheless, pseudoviruses appear to be better candidates for use as virus surrogates in UV disinfection processes.
The UV doses needed to achieve a 99.99% reduction of infectious Ito rotavirus in the present study are higher than those reported in a previous study with SA11 rotavirus (4) . Differences in the methodology or in viral stocks may cause variability in virus inactivation kinetics. Nevertheless, the aim of the present study was to assess the validity of recombinant surrogates rather than to evaluate the behavior of a given virus strain in inactivation experiments. Disparities between viral disinfection studies make conclusions regarding the effectiveness of virucidal treatments hard to draw. Several factors, such as the state of the virus suspension or the suspending medium, are critical in determining virus resistance to disinfection. Hence, the manner in which experiments are designed greatly influences the outcome of the virus inactivation and/or removal treatment, and bench-scale studies may not necessarily reflect the reality of actual large-scale processes. The fact that GFPVLPs or pseudoviruses are largely more stable than the actual virus provides a conservative, i.e., safer, evaluation of virological risk in a given setting. Although more studies are required to determine the most adequate molecular tracer for a given scenario, i.e., type of sample, applied treatment, etc., the use of recombinant virus surrogates may provide the tools for the systematic validation of virus removal practices in actual situations in which pathogenic agents cannot be introduced.
The environmental transmission of rotaviruses is well documented (6, 16, 23, 39) . Microbial source tracking is imperative for the maintenance of the microbiological quality and safety of water systems used for drinking, for recreating, and in the harvesting of seafood since contamination of these systems can represent high risks to human health, as well as significant economic losses due to closures of beaches and shellfish-harvesting areas. Bacteriophages and other microorganisms of the fecal flora have been proposed as models of virus behavior (14, 17, 32) . However, from the strictly structural point of view, there is no better surrogate of an actual virus pathogen to track their behavior in the environment than a noninfectious VLP of the same virus.
